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In Brief
Diaz-Herná ndez et al. performed electrophysiological recordings of antidromically photo-identified thalamostriatal neurons and optogenetic inhibition of the thalamostriatal terminals to probe their contribution to the smooth initiation and execution of a sequence of movements. Their data support a model in which different thalamostriatal projections provide differential control of distinct phases of initiating/executing a sequence of movements.
INTRODUCTION
Achieving the proper initiation and execution of movement sequences is necessary for the survival of organisms. The basal ganglia-thalamocortical loops have been shown to be essential for the initiation of movement (Romo and Schultz, 1992) or the smooth initiation and execution of sequences of movements (Haber et al., 2012; Jin et al., 2014; Tecuapetla et al., 2016) . Two main glutamatergic inputs to the striatum, the largest nucleus of the basal ganglia, have been proposed to drive the striatal activity for the initiation and execution of actions: the corticostriatal and the thalamostriatal inputs (Wilson, 1989) . While a vast amount of research has documented the contribution of the corticostriatal projections (Hikosaka et al., 1999; Kupferschmidt et al., 2017; Rothwell et al., 2015; Zheng and Wilson, 2002) , the thalamostriatal projection has received less attention, with functional studies mainly focusing on the thalamo/ventral striatal projection (Christoffel et al., 2015; Do-Monte et al., 2017; Matsumoto et al., 2001; Zhu et al., 2016) and few studies documenting the necessity of the thalamo/dorsal striatal projections to perform appropriate movements or actions (Bradfield et al., 2013; Parker et al., 2016) . Recently, the notion that the motor cortex (Kawai et al., 2015) or the corticostriatal terminals (Kupferschmidt et al., 2017) act as the main driver for the striatal activity to allow the performance of a sequence has been challenged (Kawai et al., 2015) . This has opened the question of whether the thalamostriatal projection may be more relevant than previously thought in driving the dorsal striatum activity necessary to perform a sequence of actions or a learned motor skill (Jin et al., 2014; Rueda-Orozco and Robbe, 2015) . The dorsal striatum in rodent contains the dorsomedial (DMS) and the dorsolateral striatal (DLS) compartments, which are recognized as part of the cortico-basal ganglia associative and sensorimotor loops (Yin and Knowlton, 2006) . Since the dorsal striatal activity has been shown to be necessary for the initiation and execution of learned sequences of actions (Tecuapetla et al., 2016) , and it has been proposed that specific nuclei of the thalamus project to distinct areas of the striatum (Hunnicutt et al., 2016; Pan et al., 2010; Yamanaka et al., 2017) with specific contributions to the performance of learned actions (Ito and Doya, 2015; Yin and Knowlton, 2006) , the general hypothesis of this study is that different thalamostriatal projections have differential contributions to the different phases of a sequence of movements (the initiation versus the execution), with neurons of the parafascicular complex contributing mainly to the initiation and thalamostriatal neurons from the sensorimotor thalamostriatal loops contributing preferentially to the execution.
To evaluate this hypothesis, we implemented electrophysiological recordings of thalamostriatal neurons and performed the optogenetic inhibition of the thalamostriatal terminals while animals initiated or executed a sequence of movements. The findings presented here support a model in which the thalamostriatal projections from the parafascicular and the ventroposterior region of the thalamus both contribute to the initiation, but only the latter contributes to the execution of learned sequences of movements.
RESULTS
To identify the thalamostriatal contribution to the initiation and execution of a sequence of movements, we conducted three general experiments. First, we identified regions of the thalamus containing neurons innervating the dorsal striatum compartments (dorsomedial versus dorsolateral); second, we recorded the activity of thalamic and photo-identified thalamostriatal neurons while animals initiated and executed a sequence of movements; and third, we optogenetically inhibited the thalamostriatal terminals either before the initiation or during the execution of a sequence of movements.
The Parafascicular and the Ventroposterior Regions of the Thalamus Innervate the Dorsomedial and the Dorsolateral Striatum Since one of the main goals of this study was to identify whether the thalamostriatal neurons showed activity related to the initiation/execution of a sequence of movements, we aimed to identify thalamic regions that innervate the dorsal striatum compartments (DMS versus DLS). To this purpose, we expressed eYFP in thalamic neurons and their striatal axonal projections (Figure 1 ). To achieve the specific expression of eYFP in thalamic neurons, we used a mouse line previously reported to express Cre recombinase upon the presence of the vesicular glutamate transporter type 2 (VGluT2Cre mice), a molecular marker identified to be specific for thalamic neurons (Raju and Smith, 2005; Wu et al., 2015) . Using these mice, we injected an adeno-associated virus (AAV-DIO-eYFP) that has been modified to express eYFP only in the cells containing the Cre recombinase (Atasoy et al., 2008) into several thalamic regions, centering our injections on brain coordinates for the parafascicular (Pf), the centromedial (CM), and the ventroposteriomedial (VPM) thalamic nuclei. In accordance to previous studies (Hunnicutt et al., 2016; Pan et al., 2010; Parker et al., 2016; Smith et al., 2014) , we observed that these AAV injections labeled cells in the parafascicular region (PFs: parafascicular, posterior, and the centrolateral thalamic nucleus; Figures 1A1, 1A2 , and S1D), the centromedial region (CMs: centromedial, anterior medial, ventrolateral, paraventricular; data not shown), and the ventroposterior region (VPs: ventroposteromedial, ventromedial, and ventroposterolateral nucleus; Figures 1B1, 1B2 , and S1D), with different patterns of striatal projections, respectively (Figures 1, panels 3 and 4, and S1D). Following this screening, we decided to use only AAV injections into the Pf or the VPM to target the PFs or the VPs thalamic regions in order to minimize the overlap of the regions of transfected cells (distance between the injections sites Pf versus the VPM $1.2 mm, radius of eYFP-expressing cells from the injection site $0.5 mm; Figure S1C ). Remarkably, the quantification of the striatal fibers when expressing eYFP in the PFs showed a small but preferential distribution into the DMS over the DLS (55.7% and 44.3%, respectively; Figure 1C , right panels; n = 5 animals; PFs/DLS versus PFs/DMS, p < 0.05; c 2 test; and Figure S1D , upper panel). The opposite was observed when expressing eYFP into the VPs of the thalamus (58.8% of the VPs fibers into the DLS and 41.3% in the DMS; Figure 1C , right panel; n = 5 animals; DLS versus DMS, p < 0.05, c 2 test; Figure S1D , lower panel). To verify these preferential innervations, we performed retrograde labeling of thalamostriatal neurons by injecting retrobeads into either the DMS or the DLS ( Figures 1D-1F ). Cell counting of the retrogradely labeled cells in the PFs and the VPs was consistent with the AAV injections. The PFs showed more cells labeled when injecting retrobeads in the DMS, and the VPs showed more cells when injecting retrobeads in the DLS (percentage of cells with retrobeads in the PFs: PFs/DMS = 78.5%, PFs/DLS = 60.3%; and in the VPs: VPs/DLS = 39.7%, VPs/DMS = 21.5%, n = 4 animals for DMS and 5 animals for DLS injections; p < 0.05, c 2 test; Figure 1F, right panels) . Importantly, by performing dual retrobeads injections (two colors) into the same striatum, it was estimated that only the 12% and 2% of the PFs or VPs cells project to both the DMS and the DLS, respectively ( Figure S2 ). Furthermore, to ascertain whether this anatomical evidence could be translated into functional connectivity, we expressed the light-sensitive protein channelrhodopsin (ChR2) (Boyden et al., 2005) in either the PFs or the VPs. Taking advantage of the fact that ChR2 was expressed along the thalamostriatal axonal innervation, we performed ex vivo whole-cell recordings of striatal neurons while activating the thalamostriatal terminals in the striatum ( Figures 1G-1J ). In these experiments, we guaranteed the recording of monosynaptic thalamostriatal connections by recording in the presence of 4-AP+TTX (Petreanu et al., 2009) and accounted for the variability of ChR2 expression by performing pairs of recordings per slice (one in the DMS and one in DLS per slice). Through these experiments, we observed that the activation by blue light (1 ms) of the thalamostriatal terminals from either the PFs or the VPs onto cells of the striatal compartments also reflected a preferential innervation of the PFs onto the DMS and the VPs onto the DLS, as evidenced by the amplitude of the excitatory postsynaptic currents evoked (Pf/DMS 175 ± 12 pA versus Pf/DLS 84 ± 8; VPs/DMS 26 ± 3 versus VPs/DLS 100 ± 11, p < 0.05, Mann-Whitney U test; paired comparison per site of transfection, p < 0.05, Wilcoxon test, Figures 1G and 1H; Table S1 ). This preference was consistent with the times a connection was detected ( Figure 1I ). Figure 1J shows an AMPA antagonist applied through bath perfusion (CNQX [10 mM]), in either the presence or the absence of 4-AP+TTX (n = 4, n = 8, respectively), that abolished the excitatory postsynaptic currents (EPSCs) (p < 0.05, Wilcoxon test). Importantly, in most of these cells, we identified them as spiny projection neurons versus putative interneurons (Figures S1E and S1F).
As a summary from this first set of experiments, it was concluded that the PFs and the VPs present a preferential anatomical and functional innervation for the DMS and DLS, respectively. This allowed us to select the PFs and the VPs as regions of interest to answer whether the thalamostriatal projections contribute to the initiation and execution of a sequence of movements.
Mice Self-Initiate and -Execute Sequences of Lever Presses
To investigate in vivo the contribution of the thalamostriatal neurons to the shaping of sequences of movements, we trained mice to develop sequences of lever presses (Figure 2 ) (Jin and Costa, 2010; Tecuapetla et al., 2016) . In short, mice were trained on a self-paced operant task until they pressed a lever in bouts or sequences of more than one press. After 1 day of magazine training and 3 days of continuous reinforcement, animals were trained for 11 days in a fixed ratio 8 schedule (FR8; Figure 2A ), where a drop of sucrose (10%) as reinforcer was dispensed every 8 presses ( Figures 2B and 2C ; note that the 8 presses do not have to be continuous). Following this training, animals gradually organized their presses in self-paced sequences or bouts of presses ( Figures 2C and 2D After allowing for ChR2 expression (see Table S1 and Figure S1 ), whole-cell recordings were performed in pairs in the DMS and the DLS of the same striatum per slice. ( Figure 2D , empty symbols). The percentage of lever presses in sequences per session (where a sequence is defined as a bout with R2 lever presses) became stable after 6 days of training in the FR8 schedule (sessions 4-11; p > 0.05, both for C57BL6/6J and the cohort of Cre animals, n = 6 animals per group; Kruskal-Wallis test; Figure 2D , filled symbols). The mean number of lever presses after 11 sessions in FR8 was 4.2 ± 0.4 for the C57BL6/6J (cohort of Cre animals: PFs/DMS Arch3.0 = 3.7 ± 0.6; PFs/DMS eYFP = 3.3 ± 0.2; VPs/DLS Arch3.0 = 3.7 ± 0.3; VPs/DLS eYFP = 3.5 ± 0.3; 6 animals per group; p > 0.05 Kruskal-Wallis test; Figure 2F , left). To measure the latency to start a sequence of lever presses along training, we took advantage of the fact that, with training, animals developed not only stereotyped sequences of lever pressing but also a preferred path from the food magazine to the lever press ( Figure 2B ; Video S1). We placed an infrared beam in this path and measured the latency of the animals to start a new sequence of lever presses (dashed green line in Figure 2B ). After 11 days of training, animals showed a stable latency between crossing the infrared beam and performing the first lever press of a self-paced sequence of presses (C57BL6/6J animals = 1.0 ± 0. This training shows that animals developed self-initiation and -execution of sequences of lever presses, allowing us to ask whether the thalamostriatal neurons contribute to the initiation and execution of sequences of movements.
Neurons in the Parafascicular and the Ventroposterior Regions of the Thalamus Show Activity Modulation during the Initiation and Execution of Sequences of Lever Presses
Once we established that mice are capable of self initiating and -executing sequences of lever presses and identified the PFs and the VPs as regions of the thalamus that contain neurons projecting preferentially to the DMS and DLS, respectively, we aimed to determine whether neurons from these regions modulate their activity during the initiation and execution of sequences of movements. To that end, we performed electrophysiological recordings in the PFs and the VPs regions of animals trained to self-initiate and -execute sequence of lever presses. Seven animals were trained as explained in Figure 2A and, after six days in FR8, were implanted with a movable electrode array (see STAR Methods; Figure 3A ) in the thalamic region of interest ( Figure 3B ). After 3 days of recovery, the FR8 training restarted. Following 11 and 12 sessions of FR8, animals were subjected to an electrophysiological recording session, and the recording of 86 and 122 units in the PFs or the VPs were collected, respectively Test day Latency to start(sec) Latency to start (C) A representative example of the behavioral timestamps from one C57BL/6J mouse during the 11 th day in FR8. The timestamps are aligned to the first press in each sequence. Only presses in sequence (R2 without magazine checking) are depicted.
(D) The proportion of presses as sequences of presses (filled symbols) or as individual presses (empty symbols) during training for a group of C57BL/6J mice and the cohorts of Cre animals used in the study. n = 6 animals per group. Data represented as mean ± SEM. (E) Mean latency for C57BL/6J mice between crossing the infrared beam and the first lever press of a sequence as training progressed. n = 6 animals per group. Data represented as mean ± SEM. No difference between the Arch3.0 groups and their corresponding controls (eYFP) was observed along training; the difference in the latency between the PFs-Arch3.0 and the C57BL/6J group disappeared with training.
(F) Mean number of presses in sequence and latency to start a sequence of lever presses for C57BL/6J mice and the different cohorts of Cre animals expressing Arch3.0 used in this study. n = 6 animals per group. Data represented as mean ± SEM, n.s., not significant, Kruskal-Wallis test, p > 0.05.
(examples of recordings aligned to the first lever press of several sequences of presses are presented in the Figures 3C and 3D ). Analysis of the recordings in these animals (by ROC curves, see STAR Methods) showed that neurons in the PFs and the VPs displayed activity modulation during the initiation and execution of the sequences of lever presses in both regions . During the initiation of sequences, there was a higher proportion of modulated units in the PFs than in the VPs (PF initiation = 65% versus VPs initiation = 41%; p < 0.05; c 2 test; Figure 3G, pie chart 1 versus pie chart 3), while during the execution of sequences, there were more positively modulated units in the VPs than the PFs (VPs execution (+) = 31% versus PFs execution (+) = 23%; pie chart 2 versus 4, p < 0.05, c 2 test) (3 and 4 animals for PFs and VPs, 8 and 6 positions recorded, respectively). Additionally, to determine whether a recorded unit had a preferential activation along the sequence, we evaluated whether each of the units presented a higher modulation before the initiation versus the execution of the sequence ( Figure S3 ). The PFs presented a higher proportion of units positively modulated before the initiation of the sequences (PFs = 42% versus VPs = 27%; p < 0.05, c 2 test; Figure S3C ); conversely, the VPs presented a higher proportion of units positively modulated during the execution of the sequence (PFs = 22% versus VPs = 55%; p < 0.05, c 2 test; Figure S3C) . Overall, these recordings show that the PFs and the VPs contain neurons displaying activity modulation during the initiation and execution of sequences of lever presses.
Activity of Antidromically Photo-Identified Thalamostriatal Neurons during the Initiation and Execution of Sequences of Lever Presses
Although the recordings in the thalamus showed that the PFs and the VPs regions of the thalamus contain neurons that modulate their activity during the initiation and execution of the sequences of lever press, they do not show whether thalamostriatal neurons show activity related to the sequences. To specifically investigate this, we performed antidromic photoidentification (Lima et al., 2009 ) of thalamostriatal neurons in vivo while animals initiated and executed sequences of lever presses. In a subset of animals, we expressed ChR2 into either the parafascicular or the ventroposterior region of the thalamus of VgluT2-Cre animals followed by an electrode array implantation above (C and D) Representative peri-event histogram and raster plot of the activity of two units recorded in the PFs (C) and two in the VPs (D) of the thalamus, aligned to the first press of a sequence of lever presses. (E and F) Activity modulation of the units recorded in the PFs (E) or the VPs (F) region of the thalamus (presented as Z score) aligned to the first press of the sequence of lever presses.
(G) Proportions of units recruited in the parafascicular or the ventroposterior regions of the thalamus throughout the initiation and execution of sequences. The pie charts above show the proportions of positive (orange), negative (blue), or not modulated units along the initiation (1 s before the first press) or during the execution (1 s after the first lever press in the sequence), *p < 0.05, c 2 test. See also Figure S3 .
the expression site. In these animals, we took advantage of the fact that ChR2-expressing neurons can be antidromically activated through light stimulation in their axons (Lima et al., 2009) and implanted a fiber optic into the DMS or DLS to stimulate the axons of PFs neurons projecting to the dorsomedial striatum (PFs/DMS) or the axons of VPs thalamic neurons projecting to the DLS (VPs/DLS) ( Figure 4A ). Following this procedure, we recorded the activity of thalamic units during the initiation and execution of sequences of lever presses, and immediately after the recording session, we assessed whether the recorded units responded antidromically to pulses of blue light delivered into the striatum ( Figure 4B ). To classify a unit as thalamostriatal, we considered latencies of %8 ms (Vandermaelen and Kitai, 1980 ) (mean PFs/DMS = 5.4 ± 0.3 ms; VPs/DMS = 5.4 ± 0.5 ms; Figure 4B , bottom right panels) and waveform correlations of >0.9 (behavioral session versus antidromic light stimulation) ( Figure 4B , right upper panels Next, to investigate the relationship between the activity of the thalamostriatal neurons recorded and the parameters measured during the initiation and execution of sequences (latency to start a sequence and the number of presses in the sequence), we performed linear regressions between the activity of these units and these parameters ( Figure 5 ). A summary of the proportion of units with a significant regression between their activity and the different parameters measured is presented in the Tables S2  and S3 . Remarkably, the quantification of the proportion of units presenting either positive or negative regressions between the latency to start the sequences and the activity showed more units positively and negatively modulated in the PFs than in the VPs before the start of the sequence ( Figure 5D , pie charts on the left; p < 0.05, c 2 test). Conversely, the regression between the activity and the number of lever presses showed that the VPs contained more cells showing positive regression during the execution ( Figure 5H , pie charts on the right; p < 0.05, c 2 test). A similar quantification of the regression between the number of presses in the sequence and the activity aligned to the end of the sequence did not reach differences ( Figure S4D ). None-theless, when we compared per unit the activity along time, contrasting the initiation versus the execution versus the end of the sequences, it was evident that the VPs/DLS units presented a higher level of activity during the end of the sequence ( Figures  S4E and S4F) .
In summary, the analysis of the activity from the antidromically photo-identified thalamostriatal units showed that the activity of the PFs/DMS and VPs/DLS neurons is modulated during either the initiation or the execution of sequences. The regression analysis between the activity and the initiation (latency), or the activity and the execution (number of presses), revealed that the PFs/DMS contained more units correlated with the latency to initiate a sequence while the VPs contained more units related to the execution of presses (PF/DMS latency-related units = 22% versus VPs/DLS latency-related units = 0%; PFs/DMS press-related units = 7% VPs/DLS press-related units = 33%; p < 0.05 c 2 ; Figure 5I ).
Optogenetic Inhibition of the Thalamostriatal Projections before Sequence Initiation Delays the Initiation of Learned Sequences
Up to here, we have shown that the thalamostriatal cells display activity modulations related to the initiation and execution of sequences movements. However, we have not tested whether the activity of the thalamic neurons in the PFs or VPs contributes to the initiation/execution of actions. To address this, we performed optogenetic inhibitions of thalamic neurons during either the initiation or the execution of sequences of lever presses. The results from these inhibitions are presented in Figure S5 and confirm that the direct inhibition of the thalamic neurons in the PFs and VPs regions performed before the initiation of the sequence delays the initiation and affects the execution of sequences (Figures S5B-S5J ). However, since the direct inhibition of the cell bodies of the thalamic neurons affects the somas interfering with their output to the striatum but also to other brain areas, we asked whether the thalamostriatal projections were specifically necessary for the smooth initiation and execution of sequences, which required optogenetic inhibition of the thalamostriatal terminals while animals initiated and executed sequences. Although the feasibility of the optogenetic inhibition of neuronal terminals using Arch3.0 has been documented (Do-Monte et al., 2017; El-Gaby et al., 2016; Parker et al., 2016) , even in the thalamostriatal projections (Parker et al., 2016) , we further characterized the optogenetic inhibition of the thalamostriatal terminal in vivo and ex vivo ( Figure S6 ). First, we verified in vivo that green light illumination of the thalamostriatal terminals expressing Arch3.0 into the striatum decreased the firing rate of striatal units. For this verification, we expressed Arch3.0-eYFP in the PFs or the VPs (two animals each) and implanted an optrode into the DMS or DLS, respectively. This procedure allowed the examination of the striatal activity while delivering pulses of green light in vivo. Aligning the striatal activity to the onset of a 5 s pulse of green light showed unitary activity (Figures S6A-S6D ) and local field potential (LFP) modulation from the inhibition of both the PFs/DMS and the VPs/DLS ( Figure S6I ). Additionally, we tested the same parameter for the inhibition of Arch3.0 in an animal expressing only eYFP ( Figures  S6E, S6F, and S6I) . Additionally, we also verified in slice recordings that green light illumination of the thalamostriatal terminals decreased the probability to evoke postsynaptic spikes ( Figures  S6J-S6M ). Verifications both in vivo and ex vivo confirmed the feasibility of using Arch3.0 to perform the optogenetic inhibition of the thalamostriatal terminals. Next, we performed the optogenetic inhibition of the PFs/DMS or the VPs/DLS terminals in vivo while animals initiated and executed sequences of lever presses. For this purpose, we performed surgery in VgluT2-Cre mice to bilaterally express the inhibitory opsin Arch3.0-eYFP (or only the eYFP for control experiments) into either the PFs or the VPs region of the thalamus followed by fiber optic implantation into the DMS or the DLS, respectively ( Figure S7 ). After surgery, animals recovered for 3 days before training was started. Following 11-12 days of training in FR8, animals were subjected to an optogenetic manipulation test session. During this optogenetic test session, trials of inhibition were randomly intercalated (30% of the trials along the session), allowing us to compare the effects of light inhibition of the thalamostriatal terminals in each animal within the same session ( Figure 6) . (G and H) The proportions of the thalamostriatal units that showed significant positive (blue) or negative (pink) regression between the activity and the number of lever press in the sequences (G). The pie charts (H) show the proportion of units that presented significant regressions 2 s before (left) or 2 s after (right) the first press in the sequence from (G). *p < 0.05, c 2 test. (I) Venn diagram representing the proportion of neurons with regression only to the latency (gray color), to the latency and lever press (black color), and only to the number of lever presses (red color), *p < 0.05, c 2 test. See also Figure S4 .
To evaluate the contribution of thalamic neurons during the initiation of individual sequences of lever presses, we inhibited their activity before the first lever press of each bout of presses (Tecuapetla et al., 2016) . We took advantage of the fact that, with training, animals developed a preferred path from the food magazine to the lever press (see Video S1). We placed an infrared beam in the path between the magazine and the lever press (dashed red line in Figure 6A , lower panel). The breaking of this beam allowed us to trigger the optogenetic inhibition before the first lever press, ensuring that the thalamostriatal projections were inhibited before the first lever press (on average 0.94 ± 0.1 s before the first lever press in the sequence) for 5 s. Following this procedure, we observed that the optogenetic inhibition of the PFs/DMS or the VPs/DLS terminals, before the start of the sequence of lever presses, increased the latency to initiate the sequences (PFs/DMS latency on = 2.9 ± 0.7 s versus PFs/DMS latency off = 0.8 ± 0.1; VPs/DLS latency on = 2.7 ± 0.5 versus VPs/DLS latency off = 0.9 ± 0.9, p < 0.05, Wilcoxon test, paired plots Figures 6B and 6C , upper panels; Mann-Whitney U test for the comparison to a previous day: boxplots in the same figures; also see Video S2). Intriguingly, only the inhibition of the VPs/DLS terminals before the start of the sequence increased the number of presses (VPs/DLS lever on = 5.4 ± 0.5 lever presses versus VPs/DLS lever off = 3.8 ± 0.5, p < 0.05, Wilcoxon test, paired plots Figure 6E ; Mann-Whitney U test for the comparison to a previous day: boxplots in the same figure) . This increase in the number of presses did not affect the sequence length (p > 0.05, Figure 6G ), implying that animals performed more lever presses in the same time. All effects were compared to VgluT2-Cre animals expressing only eYFP under the same treatments and data of the same animals in a previous session without light stimulation (orange paired data and boxplots, Figure 6 ). Consistently, the effects detected were only present when animals expressed Arch3.0 and were exposed to the light inhibition of the thalamostriatal fibers. Figure S6. (B and C) Effect on the latency to start a sequence by the optogenetic inhibition of the parafascicular region/dorsomedial striatal terminals (PFs/DMS) (B) or the ventroposterior region/dorsolateral striatal terminals (VPs/DLS) (C). Paired plots panels: latency to initiate a sequence of lever presses for animals expressing either Arch3.0-YFP (green) or eYFP (orange); each point is the median latency per animal during trials of optogenetic inhibition (on) versus trials without optogenetic inhibition (off) from the same session, *p < 0.05, paired plots: Wilcoxon test. Right: to further verify the effect during the optogenetic session, we calculated the ratio of the optogenetic session (On) against the ratio from the same animals in a previous session without optogenetic inhibition (Off), *p < 0.05, boxplots, Mann-Whitney U test. (D and E) Same as in (B) and (C), but, in this case, for the quantification of the number of lever presses per sequence. (F and G) Same as in (B) and (C), but, in this case, for the quantification of the sequence length (time from the first to the last press per sequence). See also Figure S7 .
Importantly, to test the possibility that it is the region of the striatum itself that is necessary for the observed behavioral effects rather than the thalamic input specifically, we performed an additional control. For this control, we inhibited the PFs terminals into the DLS (PFs/DLS; as from the ex vivo recording data, these connections showed to be stronger than the VPs/DMS [Pf/DLS 84 ± 8 pA; VPs/DMS pA 26 ± 3; p < 0.05, Mann-Whitney U test, Figure 1H] ) and compared this to the effects of inhibiting the VPs/DLS on the initiation and execution of sequences. Consistent with the idea that it is the specific thalamic input that is relevant for proper initiation and execution, the inhibition of the PFs/DLS did not affect either the latency or the number of presses in the sequences ( Figure S8 ).
The Inhibition of the Thalamic Ventroposterior Dorsolateral Striatal Projections during the Execution Increased the Number of Actions inside the Sequence Only Late in Training
The finding showing that inhibition of the VPs/DLS, but not the PFs/DMS, terminals increased the number of lever presses ( Figures 6D and 6E ), in combination with the results from the recordings of the VPs/DLS neurons showing that a bigger proportion of units in the VPs presented significant regressions between the activity and the number of lever presses in the sequences (Figure 4) , raised the question of whether the observed increase in the number of presses was specific to the inhibition of the VPs/DLS terminal before the initiation. Hence, to evaluate whether intact activity of the thalamostriatal projection was required during the execution of sequences. We performed a second optogenetic session in the same animals. As in the previous experiment, we took advantage of the ability of animals to self-initiate and -execute sequences while this time performing the optogenetic inhibition of the thalamostriatal terminals only during the execution. This was achieved by triggering the light inhibition with the first press in the sequence (Figure 7A, bottom) . As result of this last manipulation, we observed that only the inhibition of the VPs/DLS terminals increased the number of lever press in the sequences (VPs/DLS lever-press on = 5.1 ± 0.4 versus VPs/DLS lever-press off = 3.2 ± 0.3, p < 0.05, Wilcoxon test, paired plot Figure 7E ; Mann-Whitney U test for the comparison to the previous day: boxplots same figure) , without affecting the sequence length (VPs/DLS Sequence_length on = 3.9 ± 1.5 s versus VPs/DLS Sequence_length off = 2.7 ± 0.9, p > 0.05, Wilcoxon test Figure 7G ). This increase in pressing was confirmed to be specific to the optogenetic inhibition of the VPs/DLS terminals, as we did not observe it when inhibiting the PFs/DMS terminals (Figure 7D) or in animals expressing only eYFP (orange color data, Figure 7E ).
Next, to investigate whether the increase in number of actions inside the sequence as a consequence of the photo-inhibition of VPs/DLS terminals was specific to learned sequences, we performed another experiment, this time inhibiting the VPs/DLS terminal early in training (matching the expression of Arch3.0 to be comparable to the inhibition late in training; Figures S9A-S9D ). In this experiment, we did not observe an increase in pressing ( Figure S9E) , favoring the idea that the VPs/DLS contributes to the execution of the sequence of movements only for a learned sequence.
Finally, to evaluate whether the striatal inhibition of the thalamic fibers may affect passing fibers, we performed two additional experiments. In one, we recorded the activity in a cortical region while photo-inhibiting the thalamostriatal fibers in the striatum. In the second, we expressed Arch3.0 into the thalamus and its projections to the striatum and cortex but implanted fiber optics in the cortex to inhibit the thalamocortical terminals. To select a cortical region from which to record, and the region in the thalamus to express Arch3.0, we used the fact that the PFs mainly projects to the striatum sending few collaterals to cortex, while the VPs mainly projects to the cortex, leaving few collaterals in the striatum (Smith et al., 2014) (also see Figure S10 ). Therefore, we infected an animal in the VPs and implanted a movable recording electrode into the somatosensory cortex (S1), the primary recipient of the VPs terminals in the cortex (Hunnicutt et al., 2016) . Figure S6G shows the activity from S1 recorded in different deeps (five sessions, moving the electrode array 100 mm a day before each recording session). Neither the unitary activity ( Figures S6G  and S6H ) nor the LFP recorded in S1 ( Figure S6I ) were significantly modulated by the inhibition of the VPs/DLS terminal in the DLS. On the other hand, in a separate group of animals, we bilaterally expressed Arch3.0-eYFP into the VPs region of the thalamus and bilaterally implanted optic fibers on the VPs projections into S1 ( Figure S11) . Consistent with the previous experiment, we observed that the optogenetic inhibition of the VPs/S1 terminals before initiation or during execution of the sequences of lever presses did not affect the initiation or the execution (Figures S11B-S11I ). Nonetheless, in this last experiment, the same inhibition from the operant box increased the horizontal displacement of animals in the open field (Figures S11J and S12; see Mathis et al., 2017) .
Together, the results from the optogenetic manipulations of the thalamostriatal terminals indicate that both the PFs/DMS and the VPs/DLS thalamostriatal projections contribute to proper initiation, and the latter additionally contributes to the proper execution of the learned sequence of movements.
DISCUSSION
The results presented here establish that the thalamostriatal projections contribute to the smooth initiation and execution of sequences of movements. First, we described the innervations from the parafascicular and from the ventroposterior regions of the thalamus to the dorsal striatum (Figure 1) . Second, we showed that both the PFs and the VPs region of the thalamus, and thalamostriatal neurons from these regions, presented activity modulated during and related to the self-initiation and -execution of sequences of movements (Figures 3, 4, and 5 ). Third, we showed that the thalamostriatal projections from the PFs and the VPs regions of the thalamus contribute to the smooth initiation of a sequence of movements ( Figure 6) , with the latter specifically contributing to the proper execution of the learned sequences ( Figures 6 and 7) .
The thalamostriatal innervations presented here from the PFs and the VPs are consistent with previous reports of these innervations in both primates and rodents (Eckert et al., 2012; Elena Erro et al., 2002; Hunnicutt et al., 2016; Pan et al., 2010) .
A preferential innervation from these thalamic structures to specific striatal compartments had been previously suggested (Bradfield et al., 2013; Eckert et al., 2012) , but no detailed attempts to characterize it regarding DMS versus DLS innervation had been made. Here, through the use of three different approaches (anterograde labeling of the axons with a fluorescent protein using a viral vector, retrograde labeling with retrobeads, and testing the functional connectivity by ex vivo electrophysiological recordings), we described a preferential (not exclusive) innervation from the PFs into the DMS and from the VPs into the DLS (Figure 1) . Importantly, since the anatomical presence of axons may not always reflect functional connectivity, particularly for the VPs/DLS axons, as this connection had not been functionally demonstrated (the PFs/DMS had been previously characterized; Ding et al., 2008) , we showed that the differential anatomical axonal projections were mirrored in functional electrophysiological measurements ( Figures 1G-1J) . In summary, from this set of experiments, we conclude that the PFs and VPs thalamic regions have a preferential innervation on the DMS and DLS compartments. Note that the PFs region comprised cells from the parafascicular, posterior, and the centrolateral while the VPs are from the ventroposteromedial, ventromedial, and ventroposterolateral nucleus of the thalamus.
Next, with the aim to identify whether the thalamostriatal projections are necessary to shape the striatal activity observed during the initiation and execution of an action sequence (Jin and Costa, 2010; Jin et al., 2014) , it became necessary not just to ascertain that the thalamic neurons showed activity modulation during the initiation and execution of sequences ( Figure 3) but, in particular, that it was shown by thalamostriatal neurons. This was done through antidromic photo-identification (Lima et al., 2009) , and in doing so, it became evident that the proportion of recruited units was different when comparing the total number of thalamic units recorded versus the photo-identified units, with more units in the VPs being modulated during the Bottom: experimental setup showing a diagram of the operant box to achieve the optogenetic inhibition during the execution; the light inhibition was turned on with the first press in the sequence of presses (red lever).
(B and C) Effect on the latency to start a sequence by the optogenetic inhibition of the parafascicular/dorsomedial striatal terminals (PFs/DMS) (B) or the ventroposterior/dorsolateral striatal terminals (VPs/DLS) (C). Paired plots panels: latency to initiate a sequence of lever presses for animals expressing either Arch3.0-YFP (green) or eYFP (orange); each point is the median latency per animal during trials of optogenetic inhibition (on) versus trials without optogenetic inhibition (off), *p < 0.05, paired plots: Wilcoxon test. Right: to further verify the effect during the optogenetic session, we calculated the ratio of the optogenetic session (On) against the ratio from the same animals in a previous session without optogenetic inhibition (Off), *p < 0.05, boxplots, Mann-Whitney U test. Note that in this case the inhibition was triggered by the first press in the sequence of presses. (D and E) Same as in (B) and (C), but, in this case, for the quantification of the number of lever presses per sequence. (F and G) Same as in (B) and (C), but, in this case, for the quantification of the sequence length (time from the first to the last press per sequence). See also Figure S7 .
initiation and execution of sequences of movements ( Figures  4E-4G ). These differences in activity modulation may be explained by the heterogeneity of neuronal populations in the same thalamic nucleus (Jahnsen and Lliná s, 1984) or by taking into account that the thalamic neurons receive a diversity of inputs (Cornwall and Phillipson, 1988) , which in turn may provide a different temporal drive during the performance of sequences of movements. Importantly, the fact the thalamostriatal antidromically photo-identified units were positively modulated during the initiation and execution of sequences of movements (Figures 4 and 5 ) allowed us to consider that these units may provide an excitatory drive to shape the striatal activity. It is probable that they convey signals of sudden changes in the behavioral context (Yamanaka et al., 2017) , such as when self-initiating an action or when sensory information is necessary to appropriately execute a sequence of movements (it is known that putamen neurons respond to the speed of a vibrotactile stimuli and that information may come from the sensory thalamus; Merchant et al., 1997; Vá zquez et al., 2012) . Although we showed the functional connectivity of the PFs and the VPs into the striatum ( Figure 1G ), and a differential modulation of PFs and VPs thalamostriatal neurons during the initiation and execution of sequences ( Figures 4A-4G ), reasonable concern exists that the antidromic photo-identification from the striatum may also activate axons from the thalamus traversing through the striatum reaching a different final target (Hunnicutt et al., 2016) . Therefore, in the third set of experiments, we addressed whether the thalamostriatal projections activity was specifically required for the initiation and execution of sequences ( Figures 6 and 7) . From these experiments, we observed that both the undisturbed PFs/DMS and the VPs/DLS projections were required for the smooth initiation of sequences while only the undisturbed VPs/DLS projection was required for the proper execution. However, to conclude that there is a specific contribution from the thalamic inputs to the striatal compartments, we tested the possibility that it may be the region of the striatum itself that is necessary for the observed behavioral effects, not the thalamic input. This possibility was evaluated by the inhibition of the PFs/DLS versus the VPs/DLS (Figures 6 and 7 versus Figure S8 ), where we observed that the inhibition of the PFs/DLS had no behavioral effects as opposed to the inhibition from the VPs/DLS. These results strengthen the idea that it is indeed specific thalamostriatal inputs that provide a specific temporal input driving the striatum, which contributes to initiating and executing a sequence of movements properly. Also, to investigate the possibility that the optogenetic inhibition of the thalamostriatal terminals may affect passing fibers to cortical targets, we measured the activity in S1 while inhibiting the VPs/DLS terminals in the DLS. From these experiments, no modulation in S1 was observed either at the extracellular unitary activity level or in the LFP (Figures S6G-S6I ). Furthermore, we also performed optogenetic inhibition of the VPs/cortical projections into S1 ( Figure S11) . Surprisingly, when we inhibited the VPs/S1 projection in the cortex, no deficits in the performance of the action sequence were observed. With no attempt to claim that we inhibited all VPs/S1 projections, this experiment showed that while inhibition of the VPs terminals into the striatum was enough to delay the initiation and increase the number of repetitions in the sequence of actions, the same area of inhibition of VPs terminals into S1 was not sufficient to affect the action sequence. These findings highlight that a specific drive is provided from the ventroposterior thalamic region to the dorsolateral striatum, probably to provide online feedback of the sequence of movements being performed. Note that we focus our evaluation of affecting passing fibers on the VPs/DLS versus VPs/S1, a test to evaluate the fibers from the PFs/DMS reaching cortex remains to be tested.
The finding that thalamostriatal terminals from both the PFs and the VPs contribute to the initiation is consistent with the idea that the thalamus provides inputs driving the phasic depolarization of the striatum during the initiation of sequences (Jin and Costa, 2010; Jin et al., 2014) , probably conveying signals that support the selection of movements or actions (Thorn and Graybiel, 2010) . Intriguingly, the fact that the selective inhibition of the VPs/DLS connection increased the number of repetitions of actions inside a sequence ( Figures 6 and 7) lead to the hypothesis that this inhibition decreases sensory feedback arriving from the VPs (Van Der Loos, 1976; Waite, 1973) necessary for the proper execution of sequences. Although this is a plausible hypothesis, it has to be considered that the execution was affected only when inhibiting the VPs/DLS terminals late in training ( Figures 6 and 7) , not early in training ( Figure S9 ). Furthermore, since no modulation of locomotion was observed when optogenetically inhibiting the VPs/DLS projections in the open field ( Figure S12 ), the idea supported here is that the VPs/DLS terminals contribute specifically to the execution of sequences once these sequences have been learned.
The mechanism through which the PFs/DMS and VPs/DLS projection contribute to the proper initiation and execution of actions is still to be discovered. Nonetheless, from the estimation of the striatal cell types receiving the thalamic inputs in our ex vivo recordings (Figures S1E and S1F), two options are present themselves. One mechanism would involve the direct modulation of the striatal projection neurons. A second mechanism may involve the classical feedforward inhibition of the spiny projection neurons (Koó s and Tepper, 1999) or the recent finding of facilitation of the activity of SPN through the control of GABAergic interneurons controlling other striatal interneurons (Assous et al., 2017; Lee et al., 2017) . Importantly, with regards to the VPs/DLS synapses that contribute to the execution, either of these possibilities would involve synaptic strengthening with learning, as these projections were shown to be relevant only later in training.
In conclusion, this study highlights the thalamostriatal contribution to the delineation of a sequence of movements and supports a model in which specific thalamostriatal projections contribute to shaping the smooth initiation and proper execution of sequences of movements. Also, our findings support the idea that the thalamostriatal projections constitute parallel loops serving temporally defined striatal compartment-dependent functions (Parent and Hazrati, 1995; Yin and Knowlton, 2006) and may have important implications for pathological conditions that produce excessive repetitive behaviors or excessive behavioral switching. the striatum (10 Hz, 1 s, 1-10ms pulses). The movable array allowed us to search for responding cells in at least 4 sessions per animal, advancing the array 100 mm 24 hr before the recording session. To determine whether a unit could be antidromically photo-identified, the spikes during the behavioral session were collected, and immediately after the spikes of antidromic striatal ChR2 stimulation were collected. Only the units that responded significantly to the train of light stimulation, had a correlation > 0.9 between the behavioral spike and the antidromically evoked spike and were below a latency of 8 ms were considered photo-identified. To record the inhibition of the thalamostriatal pathway, AAV-Arch3.0 injections were performed into the PFs or VPs followed by an optrode implantation into the DMS or DLS respectively (n = 2 animals for each condition). After 2-3 weeks of Arch3.0 expression, recordings from the striatum of animals in an open field and receiving 5 s of green light illumination into the striatum (0.05 Hz, 30 times) were acquired. From the same recordings, the data were filtered to acquire the unitary activity or the LFP.
Stereotaxic Virus Injections and Fiber Implantation
To perform surgeries animals were anesthetized using a mix of oxygen (1liter/min) with 1% isoflurane (1%-2% for interventional procedures). For the optogenetic experiments after anesthesia, each animal was bilaterally injected using glass pipettes with 500 nL of viral stock solution [rAAV5-EF1a-DIO-eArch3.0-EYFP (Vector core, University of North Caroline), AAV1.EF1a.DIO.eYFP.WPRE; AAV1.EF1a.DIO.hChR2(H134R)-eYFP.WPRE titer > 1x10 12 (Vector core UPENN University Pennsylvania)] by pressure into either the parafascicular (PFs) or the ventroposterior regions (VPs) of the thalamus; coordinates from Bregma, PFs: AP À2.20mm, ML 0.70mm and DV 3.2mm. VPs: AP À1.80 mm, ML 1.65 mm, DV 3.65 mm, below the surface of the brain. After the injections [23 nL every 5 s (Nanoject II, Drummond Scientific), animals were left for >15 min to allow time for virus spreading, and a fiber optic (300mm) (NA 0.37) was implanted into each hemisphere of the striatum [dorsomedial striatum for PFs/DMS (n = 8 mice for Arch.3.0 and n = 6 mice for eYFP); coordinates from Bregma: AP: 0.20 mm, ML1.80, and DV 2.35 mm; or dorsolateral striatum for VPs/DLS (n = 8 mice for Arch.3.0 and n = 6 mice for eYFP); AP: 0.20 mm, ML: 2.50 mm, and DV 2.35 mm]. For the inhibitions in the thalamus the following coordinates were used: Anterior nuclei of the thalamus (ANT), AP: À0.4mm, ML: 0.75mm, DV: 3.35mm (n = 3 mice); for the centromedial nuclei (CM), AP: À1.5, ML = 0, DV = 3.35 (n = 4 mice); dorsal medial lateral nuclei of the thalamus (DML), AP: À1.7, ML: 0.8, DV: 3.1 (n = 2 mice). The Parafascicular (Pf), AP: À2.2, ML: 1.0, DV: 3.2 (n = 4 mice); and the ventral region of the thalamus (VPs), AP: À1.9, ML: 1.65, DV: 3.6 (n = 3 mice). The optical fibers were fixed to the skull using acrylic cement (Lang Dental Manufacturing).
Retrobeads Injections
For the retrograde labeling experiments, 300 nL of retrobeads (Lumafluor, USA), were injected into the dorsolateral (n = 5 mice) or the dorsomedial striatum (n = 4 mice). Coronal sections (50 microns) of the thalamus were obtained to determine the total number of cells labeled in the PFs or VPs. The quantification was done in one slice every 300 microns covering these regions.
Temporally Defined Optogenetic Striatal Manipulations In Vivo
Optical stimuli were delivered via 300 mm diameter implantable fibers (Doric lenses), coupled to a single longitudinal mode laser (MSL-FN-556, CNI lasers). To deliver light for the optogenetic inhibition a free launching system controlled by an AOM (aaoptoelectronics) and a fast speed shutter (Thorlabs) triggered by the TTL output from the MED PC behavioral box was used. For the antidromic photo-identification experiments a blue laser (Laserglow) coupled to a fiber optic (Doric lenses) was used. Measures of the power at the tip of the fiber (similar to the one implanted) were verified for every experiment using a powermeter (Thorlabs) and the power adjusted at the tip of the fiber to be z30 mW for the green light or 2-4 mW for the blue light. To achieve the optogenetic inhibition of the thalamostriatal projection before the initiation of a sequence of lever presses, we took advantage of the fact that animals developed stereotypical sequences of lever presses (Figure 2 ; Video S1). Thus when the animal moved from the magazine to the lever, the infrared beam was broken, setting a timestamp to trigger light on and quantify the latency to initiate the sequence of lever presses (Figures 2B and 6A) . To achieve the light inhibition during the performance of the sequence, we used the timestamp of the first lever press in the sequence of lever presses ( Figures 7A) . During the session of optogenetic inhibition there were control trials and stimulation trials. The stimulation trials were randomly presented throughout the session (30% of total trials).
Thalamostriatal Fibers Quantification
After extracting the brains of the experimental mice, 50-micron sections of the striatum (coronal sections) were mounted and sealed. Z stacks were acquired at 63x magnification (192x192x10 microns; 1 microns interslice) from a randomly selected quadrant, using a randomly positioned grid covering either the dorsolateral or dorsomedial striatum, see Table S4 for the ranges sampled (n = 5 mice per group) (ZEN lite software, Zeiss). These Z stacks were imported into ImageJ, then a maximum projection image was used to apply a filter (Hessian filter) allowing for the quantification of fibers as defined by the number of fibers crossing a randomly generated line spaced approximately 20 microns (Grider et al., 2006) .
Quantification of Neurons Expressing Opsins
Brains were sectioned in sagittal or coronal 50 mm slices [using a vibratome (S1000 Ted Pella)] and kept in PBS 1% solution before mounting or immunostaining treatment]. After washing with PBS, the tissue sections were permeabilized with 0.3% Triton X-100 in PBS, for 10 min at room temperature. After a blocking step (incubation for 30 min, at room temperature with 10% FBS:0.2% Triton X-100: PBS), sections were incubated overnight at room temperature, with the antibody against NeuN. After washing with PBS, a secondary antibody conjugated with the Alexa 594 fluorochrome (1:1000, Molecular Probes) was added. Sections were then washed and DNA was counterstained with 4,6-diamidino-2-phenylindole (DAPI, Sigma). Once the sections were mounted, Z stacks of either the PFs or the VPs region of the thalamus were acquired from the slice in the center of the injection and slices 300 microns aside, from the upper right quadrant using a randomly positioned grid (square grid 200 microns; ZEN lite software, Zeiss). The Z stacks were imported into ImageJ and quantification of NeuN-positive and eYFP-positive cells was done.
Ex Vivo Whole-Cell Recordings
To express ChR2 in the thalamic neurons and their striatal projection we injected 300 nanoliters of AAV2.1 EF1a-DIO-ChR2 (Vector core) into the PFs (n = 7 mice) or the VPs (n = 6 mice) region of the thalamus (see details Table S1 ). Allowing from 8 to 16 days of expression (Table S1 ), the animals were deeply anesthetized with ketamine (120 mg/kg, i.p.; Anesket) and xylazine (30 mg/kg, i.p.; Bayer) and perfused transcardially with an ice-cold perfusion solution (in mM): 242 sucrose, 2.5 KCl, 7 MgCl2, 28 NaHCO3, 1.25 NaH 2 PO 4, 10 glucose, 1 ascorbic acid, and 3 of sodium pyruvate (pH 7.4); saturated with 95/5% O2/CO 2 . Coronal slices were obtained at the striatal level. Slices were then transferred to a saline solution containing (in mM): 125 NaCl, 3 KCl, 1.3 MgCl 2 , 2.6 CaCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 15 glucose (pH 7.4), saturated with 95/5% O2/CO 2 , 310 mOsmol/L and left to equilibrate in this saline solution for at least 1 h at room temperature. Single slices were transferred to a submerged recording chamber and superfused continuously with oxygenated saline (3-5 ml/min). Postsynaptic currents in whole cell configuration were evoked by pulses of blue light (1ms), with a pair of cells (one in the DLS and one in the DMS) recorded per slice. To guarantee monosynaptic thalamostriatal connections these recordings were performed in the presence of 4-aminopyridine (120 mM) and TTX (1mM) (Petreanu et al., 2009) , although the first cell recorded in every slice started in the absence of 4-AP-TTX to allow their voltage characterization ( Figure S1E ). The recordings were acquired with micropipettes made with borosilicate glass (Harvard apparatus 30-0057) and fire polished for DC resistances in the bath of about 3-6 MU. Internal solution was (in mM): 120 KMeSO 3 , 2 MgCl 2 , 10 HEPES, 10 EGTA/KOH, 1 CaCl2, 2.41 Na 2 ATP, 1.14 NaGTP, 3.18 biocytin, 10 NaCl, and 290 mOsmol/L. Neurons were visualized using an infrared filter with an upright microscope (Scientifica electrophysiology) and a digital camera (Evolution VF FAST). Whole cell recordings in voltage clamp were acquired using an amplifier (PC-501A Warner Instrument), a NIDAQ (CB 68LP, National Instruments) and the Im-Patch (open access software designed in the LabView) for the acquisition of the data.
Horizontal Distance
To evaluate if optogenetic inhibition has an effect on the locomotor activity, the mouse was placed in an open field (40x40cm and height 30cm) and videos from the animals were acquired into a custom developed software in LabVIEW, at a rate of 15 frames per second. The light stimulation periods are signaled in the videos. The animal received a light stimulation of 5 s every minute. Offline analysis tracking the position of the animal to determine the trajectory before and during the stimulation was performed .
Behavior and Optogenetic Inhibition
A sequence of lever presses was defined as a bout of consecutive lever presses (R2) with no head entry and no licking. The latency to initiate a sequence was determined by the time between the animal breaking an infrared sensor positioned between the magazine and the first press ( Figure 2B ). The latency was calculated for control trials and stimulation trials. The stimulation trials were presented randomly (30% of total trials per session). The median of all tests performed was compared, unless otherwise specified in the text.
Analysis of the Electrophysiological Recordings In Vivo
Once a putative unit was isolated (through on-line and offline sorting), the timestamps of the spikes were aligned to the first press in a sequence of lever presses using custom developed scripts in MATLAB. To determine the percentage of modulated units along time in each epoch we performed an ROC curve analysis to ask if the spike frequency in each bin of time was different to that of the baseline time. For this purpose, we first aligned the spikes to each epoch (e.g first press) using 2 s before and 2 after each epoch. We calculated the spike frequency using a 200 ms time window. We used as a baseline from À3 to À2.5 s before the first press in the sequences of lever presses. We compared the spike frequency in each bin of time against the baseline, using a sliding window of 10 ms. To resolve statistically if the area under the curve (AUROC) was significant we made 1000 permutations and divided the sum of AUROC values that fall in either >0.5 or <0.5, between number of permutations. The AUROC value was significant if the outcome was (p < 0.05). Furthermore, in each epoch we obtained a binary matrix comparing each bin to base line. This binary matrix was used to find the number of units modulated in each bin time. (Figures 3, 4, S3 , and S4). To compare the modulation of a unit throughout the presses (when comparing Z-score), the activity before the first press was compared with the activity before each press. The units that showed the highest activity before the first press were designated as initiation only, and those that showed the highest activity before the last press were designated end. The units that were classified as execution had higher activity after the first press ( Figures S3 and S4 ). For the linear regression analysis (Figures 5 and S4 ) the firing rate was determined in spikes/ sec per trial. The trials were sorted by the number of lever presses (2 to 10, groups every increment of one) or by the latency to start (1 to 10 s, in groups of 1 s). Only regressions with b different from zero (p < 0.05) were accepted; mobile windows of 500 ms displacing every 20 ms were used.
